as the resolving cysteine (C R ), attacks the R-SOH to form a water molecule and a disulfide bond in the protein. Originally, Prx proteins were classified based on the presence and location of the C R . 2,12,13 In the typical 2-Cys Prxs, arguably the earliest Prx group to be recognized, the C R is found in the C-terminus of the partner subunit, yielding an intersubunit disulfide bond upon oxidation. As more examples of Prxs were discovered, the C R participating in the recycling process was recognized to reside in other positions where it generally forms an intrasubunit disulfide bond (atypical 2-Cys Prxs). In 1-Cys Prxs, there is no C R and a thiol from another protein or small molecule presumably takes the place of this residue in the recycling process. Although the C R shows up in different locations within the structure (Supporting Information Fig. S1 ), its ability to form a disulfide bond with the C P in a locally unfolded conformation helps promote the next step of reduction by a thiol-containing disulfide reductase system that may vary by organism and Prx subfamily, but is often linked to Trx or a related redox system. 7, 8 Other features that vary across the Prx family include their oligomeric state, their susceptibility toward inactivation by high peroxide concentrations, and their specificities for both reductants and substrates. 14 The classification of individual Prx proteins into mechanistically informative subfamilies is a key step toward understanding their biological role; however, this has been challenging to accomplish. Although representative Prxs like human Prx1, Escherichia coli thiol peroxidase (Tpx), and human Prx5 have some obvious features distinguishing them as a basis for classification into subgroups, different classification strategies have resulted in as few as four or as many as seven subfamilies described for Prxs. 7,10,13,15-20 Moreover, the distinction between 2-Cys and 1-Cys function is not especially useful for global classification because representatives of each type seem to exist within all the subfamilies. Some Prx subfamilies have very narrow distribution across biology (e.g., Tpx), whereas others are broadly distributed (e.g., AhpC/ Prx1 and Prx6). Indeed, humans express six different Prx proteins from three distinct subfamilies, 13 whereas E. coli express three different Prxs from three different subfamilies. 10 Although it is early in our understanding of the potential specialization in Prx function to glean why multiple Prx proteins would be needed in a given organism, data from knockout mice provide proof that even very similar Prxs like Prx1 and Prx2 are not redundant in biological or cellular function. 21, 22 The challenge of unambiguously defining subfamilies for global classification of Prxs is also exacerbated by the often automated way in which annotations, which may be vague or misleading in the first place, are transferred over to newly discovered proteins (i.e., sequences). Unfortunately for this field, general or confusing terms such as redoxin, thiol-specific antioxidant, thiol peroxidase, and thioredoxin peroxidase are often used to denote peroxiredoxins, and none of these terms provide a high level of information regarding mechanism or specificity determinants of use to the biologist. Annotation accuracy for the Prx family is further hindered by underlying weaknesses of the automated computational methods used to annotate many sequences in public databases. 23, 24 Estimates of annotation errors in molecular functions ascribed to proteins (not just the Prxs) have ranged from 8% to as high as 49%, 25-27 due, in part, to error propagation from annotation transfer 24,27-29 and to ''overannotation,'' where the level of functional detail transferred is not warranted by the methods. 30 It is, therefore, important to develop improved bioinformatic classification methods that are capable of accurate annotation to the level of family and subfamily for all proteins including Prxs.
To meet the goal of better classifying families of proteins, including the Prxs, our focus in recent years has been to develop a bioinformatic approach called ''functionalsite profiling'' (also referred to as active-site profiling) that Location of residues conserved across all Prx subfamilies. The structure of the S. typhimurium AhpC (PDB identifier 1n8j) active site is shown with the location of the C P (Cys46) in yellow (the protein sequence of 1n8j contains a C46S mutation, but for simplicity it is labeled as a Cys). The adjacent monomer across the dimer interface (B interface) is in pale green, and the adjacent monomer across the decamer-building interface (A interface) is in tan. In the Tpx and Prx5 subfamilies, the dimer is formed across the A-type interface. Residues conserved across the Prx family are highlighted in cyan (identified previously) and pink (identified as part of the work described herein). Brown highlights the loop-helix region around the active site that undergoes local unfolding following oxidation to form a disulfide bond between C P and C R in both typical and atypical 2-Cys Prxs. This figure was made using Pymol (http://sourceforge.net/projects/pymol/). uses structural information in the vicinity of the functional site to extract the most relevant sequences from a group of proteins and compare their sequence characteristics. 31 This method was originally benchmarked on 193 protein families 31 and has subsequently been used to identify yeast serine hydrolases from yeast genome sequences. 32 Comparison between the bioinformatic profiling and the experimental activity-based profiling indicated significant complementarity between the bioinformatic and experimental methods. An extension of functional site profiling, called Deacon Active Site Profiling (DASP), has also been implemented as a publicly accessible bioinformatics tool, which uses the profiles developed from proteins of known structure to search sequence databases; this tool was previously used to identify cyclooxygenases. 33 In the work presented herein, DASP was used to generate Prx signatures from structurally characterized members, signatures were clustered to reveal six distinct subfamilies, and profiles specific to each of the subfamilies were built and used to search the GenBank sequence database. This approach allowed the identification of many new members of each Prx subfamily, and we provide the list of all identified Prxs with their subfamily assignment. With this list in hand, we also analyzed residue conservation, phylogenetic distribution, and conservation of the resolving Cys for each subfamily. The AhpC/Prx1 subfamily was also able to be further subdivided into four groups that are correlated with known functional distinctions, emphasizing the function-based focus of this method of protein annotation.
MATERIALS AND METHODS
Creation of active-site signatures and profiles for Prxs of known structure
The RCSB Protein Data Bank 34 (PDB, release Jan 2008) was searched for all examples of Prx structures. Functional-site signatures were created for the active site of each Prx structure, as previously described, 31 using the publicly available DASP tool 35 (http://dasp.deac. wfu.edu/). Conserved residues in the PXXX(T/S)XXC motif were chosen as key residues (Pro39, Thr43, and C46 in S. typhimurium AhpC) as well as the conserved Trp or Phe residue (Trp81) (details about selection of the key residues are found in Supporting Information Table  SI and Supporting Information Results). All residues containing an atom located within 10 Å of the center of geometry of at least one of these key residues were extracted, and the sequence fragments containing these residues were concatenated N-to C-terminus, forming the functional-site signature for each structure. In cases where the C R forms an intermolecular disulfide bond with the C P (i.e., typical 2-Cys Prxs), the C R is not found in the functional-site signatures because DASP only includes residues from a single subunit of the protein in the signature.
The functional-site signatures for all Prx structures were then aligned using ClustalW 36,37 to create the functional-site profile. The profile is scored using Eq. (1):
where S I is the score (511.0) for fully conserved positions over n such positions in the profile; S S is the score (510.2) for strongly conserved positions over m such positions in the profile; S W is the score (510.1) for weakly conserved positions over k such positions in the profile; S g is the score (520.5) for each gap over l gaps along the profile; and N is the number of residues in the profile. 31
Clustering of functional-site signatures to determine Prx subfamilies and subgroups A ClustalW 36,37 alignment of the functional-site signatures from Prxs of known structure was created using the Gonnet scoring matrix. 38 This alignment was read into Matlab, and the Jukes-Cantor method (ignoring gaps in signature pairs) was used to calculate pairwise distances. Clustering of the signatures used the unweighted pair group method average algorithm to generate the dendrogram. The clustering output was used to define the Prx subfamilies, except for the bacterioferritin comigratory protein (BCP)/PrxQ subfamily. The signatures for the BCP/PrxQ subfamily did not group together [ Fig. 2(A) ], probably because of the sparseness of the data for this subfamily (see Supporting Information Results). Based upon structural characterizations indicating these two proteins belong to the BCP/PrxQ subfamily, similar locations of the C R in both proteins, and a significant decrease in DASP scores when either signature was added to another subfamily, 2a4v and 2cx4 were both placed in the BCP/PrxQ subfamily.
To further identify the subgroups within the AhpC/Prx1 subfamily, the functional-site signatures obtained from the AhpC/Prx1 DASP subfamily search (as described in the next section) were aligned and clustered in Matlab as described above.
It is important to recognize that subfamily analysis that focuses only on functional site signatures (and the dendrograms associated with them) should not be used to suggest evolutionary relationships. We do not know if similar functional sites evolved from a common ancestor or were developed by convergent evolution, or a combination of both.
Identification of additional Prxs for each subfamily from sequence databases using the DASP sequence search extension Functional-site profiles were created for each Prx subfamily using the subdivisions determined from clustering [ Fig. 2(A) ]. Information about the structures and key residues used to generate the profiles is found in Supporting Information Table SI. Additional members of each Prx subfamily were identified using a p-value cutoff of 10 28 and the sequence searching utility of DASP previously developed and published. 33,35 This method is described in detail in Supporting Information Results and Fig. S2 . Sequences in each subfamily that lacked the PXXX(T/S)XXC P motif, were identified with a more significant p-value in another subfamily, or could not be assigned to a single subfamily with any confidence were removed before further analyses (Table I) .
Bootstrap procedure for creating engineered profiles for subfamilies with limited structural coverage
To create more diverse profiles, engineered profiles were created for AhpE and BCP/PrxQ subfamilies. Additional AhpE sequences were found using PSI- BLAST Fig. S3(C) ].
Entropy calculation for evaluation of residue conservation
To evaluate the degree of conservation for each residue within a functional-site profile, the full sequence for each protein identified by DASP was extracted from GenBank(nr), Residues that are conserved across all Prxs are highlighted in black, and key residues used to create the functional-site signatures are starred. Residues conserved across each subfamily based upon analysis of proteins in the PDB database are highlighted in gray; residues found to be conserved (as defined in Materials and Methods) within each subfamily following analysis of GenBank(nr) sequences are boxed. Only one signature is shown for any protein with multiple structures in the PDB database. Any engineered mutations, oxidized forms of cysteine, or seleno-methionine residues were changed back to their wild-type residue before alignment. This profile was created by first aligning the signatures for each subfamily using ClustalW and then editing by hand to correctly align the key residues across all subfamilies. Because of the variability among the signatures, DASP was unable to score this complete profile. and all sequences in each subfamily were aligned using ClustalW. 36,37 Because of the small number of subfamily members, entropy values were not calculated for the AhpE subfamily. The number of occurrences for each type of amino acid at each position was counted, and the entropy value for each residue, S m , was determined using the formula:
where each possible amino acid identity 1,2,. . .k is sampled with a frequency f 1 ,f 2 ,. . .f k and the set f j sums to unity. 43 The entropy value for a completely conserved residue is 0, while a completely random distribution of residues was estimated by calculating the entropy value if all residues were present at the same frequency and resulted in an entropy value of 3. The entropy values for each residue position in the profile (shown in Fig. 3 ) were identified based on the alignment of the profile fragments [ Fig. 2 The sequence of a single chain from two PDB structures from each subfamily (except for AhpE, which has only one) was used as a query to search the Genbank(nr) sequence database with PSI-BLAST 39 (1xxu, AhpE; 1xiy and 1hd2, Prx5; 2cx3 and 2av4, BCP; 1psq and 1xvq, Tpx; 1xcc and 2cv4, Prx6; and 1qmv and 1yep, AhpC/ Prx1). One set of results were obtained using the default scoring parameters on the National Center for Biotechnology Information (NCBI)/Blast server. Another set of PSI-BLAST searches were done using a more stringent cutoff. The structurally characterized proteins were retrieved at scores more significant than e-40 in the default PSI-BLAST searches; thus, a cutoff of e-40 was selected to determine which sequences were added to the PSSM after each iteration in the stringent PSI-BLAST searches.
Following three complete iterations, the top 5000 sequences identified using either ''default'' or ''stringent'' parameters for each subfamily were exported to Excel and then imported into Microsoft Outlook Access database tables. These data were queried using the sequence GenBank identification numbers to identify hits found in multiple PSI-BLAST searches. For each search, the e-values were determined for all test proteins belonging to the same subfamily, and the least significant score was set as a cutoff for that search (cutoff scores for each search are listed in Table II ). For analysis of PSI-BLAST hits containing no Prx motif and subfamily specificity, only sequences with more significant scores than the cutoff were analyzed.
Phylogenetic analysis
The phylogenetic distribution of each subfamily was calculated by first extracting the organism name for each Prx sequence identified by DASP. A house-written Java script was then used to query the NCBI Taxonomy databases to identify the complete lineage for each organism. This information was imported to an Excel file, and genus and species numbers were calculated. To prevent a Detailed information about hits with no Prx motif is found in Supporting Information Table SIII. b Detailed information about cross-hits is found in Supporting Information Table SIV . c Correct but vague annotation includes: peroxiredoxin, AhpC/TSA family protein, antioxidant protein, thiol-specific antioxidant-related protein, peroxidase, oxidoreductase, redoxin, 1-Cys Prx, 2-Cys Prx, thioredoxin peroxidase, thiol peroxidase, 9.1-kDa protein, 26,000/30,000-kDa protein, mitochondrial peroxidase, and peroxynitrite reductase. d Numbers reported here for the DASP subfamily searches using engineered profiles for BCP/PrxQ and AhpE subfamilies (see Materials and Methods and Supporting Information Results). This BCP/PrxQ search was performed on a later version of GenBank(nr), January 2009, than the searches presented for the other subfamilies. The original BCP/PrxQ search using the January 2008 version of GenBank(nr) identified 810 sequences (two with no Prx motif, four that were more significant in another subfamily, and four that were equally significant in two subfamilies). All other searches were performed on the January 2008 version of GenBank(nr). e Correct annotations for BCP/PrxQ subfamily include BCP, PrxQ, and Dot5. f Correct annotation for the AhpC/Prx1 subfamily includes: AhpC, Prx1, Prx2, Prx3, Prx4, and tryparedoxin peroxidase. g Correct annotations for Prx6 subfamily include Prx6. h Some Prx5 proteins (16%) contain a glutaredoxin domain fused to a Prx5-like domain of those, 31% (5% of total Prx5) are only annotated with glutaredoxin, not Prx. i Correct annotations for the Prx5 subfamily include Prx5, Type II Prx, PrxD, peroxisomal Prx, and hybrid Prx5. j Correct annotations for the Tpx subfamily include thiol peroxidase, thioredoxin peroxidase, and scavengase p20.
Active Site-Based Analysis of Prx Subfamilies
Figure 3
Residue conservation and potential structural/functional role for each residue in Prx subfamily functional-site profiles. The functional-site signatures are shown for a representative member of each of the Prx subfamilies. The degree of conservation is shown for each residue after aligning the full sequence for all of the putative members identified from the GenBank(nr) database searches. The actual residues and numbers listed are for (A) Aeropyrum pernix BCP (2cx4), (B) Salmonella typhimurium AhpC (1n8j) and Trypanosoma cruzi tryparedoxin peroxidase (1uul), (C) Homo sapiens Prx6 (1prx), (D) H. sapiens Prx5 (1hd2), and (E) Streptococcus pneumoniae Tpx (1psq). Residues with an entropy value below 0.61 (mean minus one standard deviation) are considered conserved (dashed line). The potential role for each conserved residue is also represented in the histogram and labeled as follows: the peroxidatic cysteine (Cp), the resolving cysteine (Cr), key residues conserved across all Prx subfamilies (~), residues involved in forming the active-site pocket of the reduced protein ( §), residues found in the A-type interface (A), residues found in the B-type interface (B), residues involved in stabilizing the helix containing the C P (l), residues forming a series of H-bonds between the key Thr residue and the region containing the A-type interface (#), and conserved residues that do not fall into any of these groups (X). Hydrogen bonds were analyzed using LIGPLOT. 44 results being biased by oversampling of sequences from multiple bacterial strains, multiple strains of the same species were counted only once for each subfamily. Each species was also counted only once in each subfamily even if multiple protein sequences were identified.
RESULTS
Clustering of functional-site signatures identifies six Prx subfamilies and clearly distinguishes the AhpC/Prx1 subfamily from the Prx6 subfamily Functional-site profiling, 31 as implemented in the DASP application, 35 involves selecting a few key residues from proteins of known structure based upon their functional importance. All residues within 10 Å of the key residues are then extracted and placed in order from Nto C-terminus, forming what is referred to as the signature for each functional site. The signature thus contains the information regarding the features in the structural vicinity of the functional site, but puts that information into a format that can be used for sequence-based alignment and searching. The functional-site profile for a given protein family is the alignment of all signatures generated from each of the protein structures within the family.
Functional-site signatures were created for each Prx structure listed in Supporting Information Table SI using the residues equivalent to Cys46 (C P ), Pro39, Thr43, and Trp81 as key residues (numbering for S. typhimurium AhpC, Fig. 1 ). (Key residue selection criteria are described in Supporting Information Results.) To identify the subfamily divisions suggested by this active-site information, the signatures in the profile were hierarchically clustered and analyzed [ Fig. 2(A) ]. Six subfamilies (AhpC/Prx1, Prx6, Prx5, Tpx, BCP/PrxQ, and AhpE) were identified and named after one or two canonical subfamily members. The signatures from each cluster [ Fig. 2(B) ] were aligned to create the functional-site profile for that subfamily. Scores for each subfamily ranged from 0.06 (for AhpC/Prx1) to 0.33 (Prx6) (see PSI-BLAST e-value cutoff was selected after data collection by selecting the least significant e-value for all of the literature-defined test proteins belonging to the same subfamily as the search sequence. Yellow highlights indicate all test proteins were identified in a search from the correct subfamily, and orange highlights indicate that one test protein was missed. Gray highlights indicate test proteins that are identified in an incorrect subfamily search. c PSI-BLAST searches using default parameters did not identify Schistosoma mansoni Prx2 in either the AhpC/Prx1-1yep or the AhpC/Prx1-1qmv searches. S. mansoni Prx2 was identified above the e-value cutoff by the BCP-2cx3 PSI-BLAST search with default parameters. S. mansoni Prx2 was not identified in any PSI-BLAST search using stringent parameters and was identified correctly by DASP in the AhpC/Prx1 search. d The Prx5-1hd2 PSI-BLAST search using default parameters did not identify Pisum sativum Prx IIF.
Supporting Information Results for more details). These subfamilies are consistent with those identified by previously reported sequence-and structure-based methods. 7,13,14,16 Previous studies have shown that functional-site profile scores for 193 families ranged from 0.04 to 1.0. Higher profile scores are correlated with more similarity at the functional site, 31 suggesting that the active sites in the Prx subfamilies are relatively diverse compared with other protein families. DASP was unable to generate a profile score for the entire Prx family, further suggesting that the residues found in different Prx active sites vary greatly. Because both the AhpE and BCP/PrxQ subfamilies contained very few structurally characterized representatives at the time of this study, the original profile used for searching did not represent the diversity of these subfamilies; therefore, a procedure was developed to create engineered profile in each case. Description of this method can be found in Materials and Methods, and verification of this method with the BCP/PrxQ subfamily is provided in Supporting Information Results and Fig. S3 . These engineered profiles were used in all subsequent searches and analyses.
Identification and subfamily classification of known and new Prx proteins from the sequence database using DASP provide highly specific subfamily assignments
The functional-site profiles created from the known structures (or engineered profiles for the BCP/PrxQ and AhpE subfamilies) for each Prx subfamily were used to search the GenBank(nr) database (January, 2008 release, and January, 2009 release for BCP/PrxQ), following previously described methods. 33 To do this, a position-specific scoring matrix (PSSM) 45 is generated for each continuous fragment (motif), and the PSSM is used to search the nonredundant (nr) protein sequences of GenBank 46 for other subfamily members. A final p-value is calculated that represents the statistical significance of matching all fragments in a profile to a given sequence. A detailed description of how DASP accomplishes this is found in Supporting Information Methods and in Supporting Information Fig. S2 . Using a p-value cutoff of 10 28 (selection of this cutoff is described in Supporting Information Results), a list of 3578 putative Prx sequences was generated with each Prx assigned to one of the six subfamilies. The quality of these subfamily assignments was assessed in three ways, asking (1) if biochemically characterized Prxs were placed into the experimentally determined subfamily, (2) if the conserved PXXX(T/ S)XXC P motif was present in the returned sequences, and (3) whether the returned sequences were specific to a single subfamily, or if some sequences were identified in more than one subfamily search.
To determine how well DASP identified experimentally determined proteins in each subfamily, a ''test set'' of Prx proteins was identified that (1) had not been used to create the functional-site profile, and (2) (Table II) , suggesting that these subfamilies can be cleanly separated based on their active-site features.
As a second assessment of the quality of the DASPassigned subfamilies, we asked how many sequences were lacking the PXXX(T/S)XXC P motif, which is invariant in the Prx family. 8-10 Although DASP weights this motif heavily in the PSSM because of its conservation, the residues are not required to be invariant. Of the 3578 Prx proteins, only 25 (0.7%) identified by DASP with a Pvalue cutoff of 10 28 did not contain the PXXX(T/ S)XXC P motif (Table I, proteins listed in Supporting Information Table SIII ). Of these, nine were incomplete sequences lacking the Prx motif region, one is a known sequencing error, 48 and one sequence looks like a Prx only in the C-terminal portion of the protein (a potential frameshift error). Either the P or the T was not conserved within the motif in 14 other sequences for unknown reasons.
Finally, the specificity of subfamily searches was explored. Specificity was assessed by determining whether any sequences were identified in more than one subfamily search. DASP results exhibited a high degree of specificity overall. Only 37 sequences (1.0%) were assigned to two subfamilies, and no sequences were assigned to three subfamilies (proteins listed in Supporting Information Table SIV) . Of the 37 sequences, 33 were identified by one subfamily search with a much more significant score; we consider these 33 sequences to be members of the subfamily with the most significant DASP score. The four remaining sequences (0.1% of the original 3578 sequences identified) were identified by two subfamilies searches, both with less significant DASP p-values of 10
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; because these four sequences could not be confidently assigned to a single subfamily, they were removed before residue conservation and phylogenetic analysis.
The Tpx and Prx5 subfamilies were highly specific; no proteins identified in these searches were identified in other searches (Table I ), suggesting that the active sites for Prx5 and Tpx are distinct from one another and the other Prx subfamilies. The BCP/PrxQ subfamily exhibited some overlap with AhpE, Prx6, and AhpC/Prx1 subfamilies (3, 4 and 4 cross-hits, respectively, Supporting Information Table SIV ), suggesting that these subfamilies share some similarity in the region surrounding the active site. These data support the hypothesis by Copley et al. 16 that the BCP/PrxQ subfamily (referred to in their article as Class 1 Prxs) was the first evolutionarily and that other subfamilies arose through adaptations to this subfamily.
Analysis of cross-hits also allows for clarification of the relationship between the Prx6, Prx1, and AhpC subfamilies, which has varied in the literature: sequence-based comparison combined Prx6, Prx1, and AhpC into a single subfamily, 16 whereas structure-based expert comparisons identified Prx6 as a separate subfamily. 7 Clustering of DASP functional-site signatures for Prxs of known structure also suggests a significant distinction between the Prx6 and AhpC/Prx1 subfamilies [ Fig. 2(A) ]. Only 12 sequences were identified in both the Prx6 search and the AhpC/Prx1 search using DASP (0.77% of the total identified in both searches), and, in every case, one DASP score was much more significant (Supporting Information Table SIV ). These results indicate that Prx6 proteins are readily distinguished from AhpC/Prx1 subfamily members based on their active-site features.
Clustering of the functional-site signatures of proteins of known structure indicated that Prx1 and AhpC might also be distinguishable [indicated by division in Fig. 2(A) dendrogram]. Despite this fact, DASP searches using separate profiles for Prx1 and AhpC were unable to distinguish the two subfamilies (e.g., 95% of the AhpC representatives were also returned in the Prx1 search). All further analyses were therefore undertaken using a combined AhpC/Prx1 subfamily profile.
Overall, the three assessments-comparison to experimentally determined subfamily assignments, presence of the PXXX(T/S)XXC P motif, and analysis of search specificity by counting cross-hits-indicate that the DASPassigned subfamily assignments are specific and are of high quality. Sequences were removed that lacked the PXXX(T/S)XXC P motif, were identified with a more significant p-value in another subfamily, or could not be assigned to a single subfamily with any confidence, resulting in 3516 sequences that were used for all further analyses (Supporting Information Table SV ). The final total membership within each of the six Prx subfamilies was as follows: BCP/PrxQ (1115), AhpC/Prx1 (1059), Prx6 (493), Prx5 (517), Tpx (307), and AhpE (25) . All results, including detailed information about the identified sequences, are reported in Supporting Information  Table SV .
The functional site-focused approach used by DASP is more specific for Prx subfamily assignments than the full sequence approach of PSI-BLAST PSI-BLAST 39 is a commonly used tool for family and subfamily-specific annotation and, during its iterative process, develops a PSSM that is used to search the sequence database in a manner similar to DASP. Unlike DASP, which focuses on sequences found at the functional site, PSI-BLAST uses the entire sequence of a single query (or seed) to initiate its search. To determine how well DASP classified Prxs compared with PSI-BLAST, two sequences for each Prx subfamily were used to perform three iterations of PSI-BLAST (AhpE was not considered).
Using default parameters, PSI-BLAST identified all of the 58 experimentally identified proteins as Prxs, but the proteins in PSI-BLAST were not cleanly assigned to a specific subfamily (Table II) . In contrast, DASP identified 57 test proteins and assigned each to just one subfamily. PSI-BLAST was able to assign Prx5 and Tpx subfamily members to the correct subfamily (and no other) using a search-specific cutoff score based on the least significant score for test proteins in the same subfamily; however, many of the other literature defined test proteins were still assigned to multiple subfamilies (Table II) . One protein, Schistosoma mansoni Prx2 (GI# 5163492), was incorrectly identified by PSI-BLAST in one of the BCP/PrxQ searches, but was not identified in either AhpC/Prx1 search; in contrast, this protein was correctly assigned to the AhpC/Prx1 subfamily by DASP.
To determine if more stringent parameters would allow PSI-BLAST to assign Prxs to the correct subfamily, only sequences with p-values more significant than 10 240 from each iteration were selected for inclusion in the next iteration, for a total of three iterations. These stringent PSI-BLAST parameters proved more specific than the default parameters (Table II) ; however, the subfamily assignments were still not as accurate as DASP. The PSI-BLAST search results were highly dependent on the protein chosen to seed the search. For example, the Prx5 subfamily member Pisum sativum PrxII F (GI# 118721272) was identified with default parameters using 1xiy as the seed sequence, but not 1hd2 (Table II) . The cutoff scores also differed from search to search (Table II) , making it difficult to use the scores to evaluate the best subfamily assignment. DASP identified fewer proteins with no Prx motif than did PSI-BLAST, though the difference was not statistically significant; DASP always identified <1% of hits with no Prx motif, whereas PSI-BLAST identified between <1 and 4.5%, depending on the seed sequence.
These results indicate that, with appropriate parameterization and score cutoff, PSI-BLAST searches can be used to identify Prx proteins, but cannot be used to confidently determine subfamily assignment for some of the 58 literature-defined test proteins. In contrast, the functional site-focused approach used by DASP appears to identify differences at the active site that might be obscured by PSI-BLAST's use of full-sequence information and is expected to be more accurate than PSI-BLAST for molecular function-based subfamily assignments.
DASP-based subfamily annotations provide more detailed subfamily information than the annotations currently found in GenBank
We then explored how our subfamily classification compared with the annotations currently found in the GenBank(nr) database. Depending on the subfamily, only 6-59% of the Genbank annotations were correctly annotated to the subfamily level assigned by DASP (Table I, Correct). For a large number (5-24%) of the sequences we identified, no previous function (''hypothetical protein'' or ''unknown protein'') had been assigned. In addition, numerous examples of ''correct, but vague'' annotation were identified, ranging from 34% (Tpx subfamily) to 66% (Prx6 subfamily). These GenBank annotations typically identified a redox-based function (though not necessarily as a Prx) but not the correct subfamily and included terms like redoxin, peroxidase, thiol-specific antioxidant, AhpC/thiol-specific antioxidant family protein, and Prx that are technically correct, but provide limited functional information. Protein annotations such as ''thiol peroxidase'' and ''thioredoxin peroxidase'' are used as both a general term for all Prxs and a specific subfamily name; these were classified as correct but vague for all subfamilies except for Tpx, where they were considered correct. Previous work by Babbitt and coworkers has suggested that misannotations can be due to overuse or incorrect use of annotation transfer. 30 Among the Prxs, a small percent of sequences were either assigned to a subfamily different from the one assigned by DASP (Table I , Incorrect Prx subfamily) or not annotated as a Prx at all (Table I, Incorrect) . Thus, although overannotation has been a small problem with annotation in the Prx family (perhaps due to a misunderstanding of subfamily identification terms), the lack of accurate subfamily information or sometimes even the lack of annotation as a Prx or peroxidase are the most common problems. DASP classification, therefore, provides a significant improvement over the current GenBank annotations with regard to subfamily information.
Phylogenetic analysis shows that all Prx subfamilies are found in bacteria and the AhpC/Prx1 and BCP/PrxQ subfamilies are widely represented
We next assessed the phylogenetic distribution of each Prx subfamily (Table III) . As has been noted previously, 10,12 the AhpC/Prx1 and Prx6 subfamilies are widely distributed among archaea, bacteria, and eukaryotes. Prx5, which has been predominantly characterized in eukaryotes, is also widely distributed; 66% of the species containing a Prx5 subfamily member are bacterial. Although the majority of the BCP/PrxQ subfamily proteins were found in bacteria (84.7% of the species), putative BCP/PrxQ proteins were also observed in archaea (6.2%) and eukaryotes (9.1% including plant PrxQs). The subfamily that was the smallest and most restricted in phylogenetic distribution was AhpE. Only 25 proteins in 22 species were identified as potential AhpE-type proteins, all from aerobic Grampositive bacteria in the order Actinomycetales.
Tpx subfamily members are found almost exclusively in bacteria (Table III) . Interestingly, two Tpx sequences (GI# 123501795 and 123457052; 74% identical to each other) were observed in a eukaryote, Trichomonas vaginalis, an anaerobic flagellated parasite that is the most common cause of sexually transmitted infections in industrialized countries. 49 Detailed sequence analyses of these proteins suggest that they are indeed Tpxs (e.g., the C R is in the correct location). Based upon alignment of the full sequence, the T. vaginalis Tpxs are most similar ($70% identity) to Tpxs from multiple species of Bacteroides, anaerobic bacteria found in the gut and colon of humans that are also frequently responsible for infections. We speculate that these species might have been present in the same organism under conditions expected to lead to increased reactive oxygen species levels due to the immune response, and that a lateral transfer of the gene encoding Tpx may have occurred and provided an advantage to T. vaginalis.
Analysis of residue conservation in each Prx subfamily identifies conserved residues and indicates that many of the conserved residues in each subfamily are located in the functional-site profile
The Prx active site contains features that both stabilize the deprotonated form of the C P and support a very high at 208C). 11,50,51 Because very few residues are conserved across all Prxs, our goal was to identify residues conserved in, and unique to, each Prx subfamily. To assess residue conservation within each subfamily, entropy values were calculated at each residue position across the full sequence alignment. Anywhere from 35% (Prx5) to 67% (AhpC/Prx1) of the residues in the profile are conserved. In contrast, 9-20% of the residues are conserved across the entire protein sequence (Supporting Information Table SVI ). This indicates that $ 50% of the conserved residues within each subfamily are located within the functional-site profile, reflecting the functional importance of this region. Note that this conservation is not observed using a contiguous sequence fragment, but rather with several discontinuous fragments that are proximal in three-dimensional space to the Prx active site. Entropy values across the functional-site profiles for each subfamily are shown in Fig. 3 .
Other than the PXXX(T/S)XXC P motif 8 and Arg119 2,8,10 (numbering for S. typhimurium AhpC), our analysis identified only three other sites of conservation across all Prx functional-site signatures [ Fig. 2(B) , highlighted in black]. The locations of these residues in representative Prxs are shown in Fig. 4 (residues in pink) . The first is Trp81; this residue is replaced with a Phe in some Prxs, particularly in the BCP/PrxQ and Tpx subfamilies. The second residue, Ser71, is conserved across all Prx structures and most of the signatures (Fig. 3) . This residue is located between the active site and the A-type interface and is part of a hydrogen bonding network with other conserved residues. Although Ser71 (Fig. 4, pink) is conserved across all subfamilies except Prx5, the remaining residues involved in this network differ from subfamily to subfamily. The third residue, Glu49 in S. typhimurium AhpC, is not conserved across all subfamilies, but all subfamilies contain a conserved residue at this position that is capable of forming a hydrogen bond with the stringently conserved Arg. These observations suggest that the ability of this residue to hydrogen bond to Arg119 is important and that it may indirectly influence the pK a of the C P . More details and discussion about the role of each of these residues are found in Supporting Information Results.
Mapping of conserved residues to Prx structures indicates the importance of A-interface interactions for three Prx subfamilies
Residues found to be conserved in each subfamily (Fig.  3) were identified, and their locations were mapped to the structure of a representative member of each subfamily (Fig. 4) . One interesting group of conserved residues is located on helix a2, which contains the C P (Fig. 1, brown helix, and Supporting Information Fig. S1 ). These residues form hydrogen bonds or hydrophobic interactions with residues in the neighboring helix a3, potentially stabilizing the fully folded conformation and promoting enzymatic activity when the C P is reduced [Fig. 4 , residues in deep blue; Fig. 3 , residues marked with (l)].
With the exception of BCP/PrxQ proteins, which are reportedly monomeric, 7,40,41,52 Prx proteins form two distinct types of oligomeric interfaces that are both close to the active site (Fig. 1) . Members of the AhpC/Prx1 and Prx6 subfamilies dimerize using the ''B interface'' (denoting the beta-strand interactions; Fig. 1, pale green) to form an extended 10-to 14-strand beta sheet. 7 Members of the Tpx and Prx5 subfamilies, which are typically dimeric, associate across the ''A interface'' (for either alternate or ancestral); this interface involves helix a3 packing against its counterpart in the other chain (Fig. 1,  tan) . In many Prxs that form dimers across the B interface, the dimers further associate in a redox-sensitive manner to form decamers (or in a few cases, octamers or dodecamers) across the A interface. 17 Interestingly, many of the conserved residues appear to be located either directly in an interface (Fig. 3 , residues marked with A; Fig. 4 , residues in black) or in the portion of the protein structure that bridges the C P and the A-type interface (Fig. 3 , residues marked with #; Fig. 4 , residues in orange). Of the subfamilies that have been shown to use the A interface for oligomerization (AhpC/Prx1, Prx6, Tpx, and Prx5), 30-41% of the conserved residues are located either in the interface or within the H-bonding network bridging the interface and the active-site loop [ Fig. 4(B) , A interface in black, residues in bridge region in orange], suggesting that interactions at the A interface are important for stabilization of the correct active-site geometry in these subfamilies. This linkage between features of the active site and the A interface interactions is in agreement with experimental work linking oligomeric state to redox state and activity in S. typhimurium AhpC. 53 Destabilization of the A interface through a single amino acid substitution was shown to increase the K m for H 2 O 2 , suggesting that dimeric AhpC is a less efficient catalyst of peroxide reduction than the decameric protein. 50 In addition, computational analysis of another member of the AhpC/ Prx1 subfamily, Trypanosoma cruzi tryparedoxin peroxidase, indicated that interactions at both the A and B interfaces are critical for lowering the pK a of the C P . 54
The position of C R is highly conserved in the AhpC/Prx1 and Tpx subfamilies, but not in BCP/PrxQ or Prx5 subfamilies Prxs are most commonly characterized based upon the presence and location of the C R (Supporting Information Fig. S1) 2 ; thus, we analyzed the location of C R in each subfamily identified by DASP (Table IV) . These data indicate that the C R location is highly conserved within, and characteristic of, the AhpC/Prx1 and Tpx subfamilies, although there are some exceptions even in these subfamilies. 8 In contrast, the presence and location of Figure 4 The location of conserved residues mapped to the structure for each subfamily. Structures are shown for (A) Aeropyrum pernix BCP (2cx4), (B) Salmonella typhimurium AhpC (1n8j), (C) Homo sapiens Prx6 (1prx), (D) H. sapiens Prx5 (1hd2), and (E) Streptococcus pneumoniae Tpx (1psq). The C P and C R are in yellow, residues conserved across all Prx subfamilies in pink and cyan, residues involved in forming the active-site pocket of the reduced protein in green, residues found in the A-type interface in black, residues found in the B-type interface in red, residues involved in stabilizing the helix containing the C P in deep blue, residues forming a series of H-bonds between the key Thr residue and the region containing the A-type interface in orange, and conserved residues that do not fall into any of these groups in brown. Figure was made using Pymol (http:// sourceforge.net/projects/pymol/). the C R in the BCP, Prx5, and possibly AhpE subfamilies is more variable.
Although Prx5 proteins have generally been considered to be atypical 2-Cys proteins, our analysis indicates that only 17% of Prx5 subfamily members contain a Cys residue in the same location as the C R in H. sapiens Prx5. Although Prx5 subfamily members are distributed across bacteria and eukaryotes (Table III) , all but one metazoan Prx5 sequence (from Pyrocoelia rufa) contained a C R in the same location as that in human Prx5. Other members of the Prx5 group have been reported to use a 1-Cys mechanism 20 ; of the Prx subfamily members identified by DASP, 14% contain only one cysteine and, thus, must use a 1-Cys recycling mechanism. Haemophilus influenzae Prx5 (1nm3) contains a 1-Cys Prx5 domain fused to a glutaredoxin (Grx) domain; it has been proposed that the C P is reduced by the CXXC motif in the Grx domain. 56 We found that 16% of the Prx5 subfamily members contained a CXXC-containing, Grx-like domain, all from bacteria.
These data highlight the significant diversity in the C R location in most Prx subfamilies and indicate that the presence and structural location of C R within most subfamilies is not critical as it has arisen multiple times during the course of evolution. These data also highlight the fact that the nomenclature of 1-Cys, typical 2-Cys, and atypical 2-Cys cannot be used to designate subfamily assignments; the only exception is the designation of typical 2-Cys, which is specific for the AhpC/Prx1 subfamily.
The AhpC/Prx1 subfamily can be further subdivided into four groups that are correlated with functional attributes
The identification of a large number of representatives of each Prx subfamily using GenBank searches offers the opportunity to further cluster each subfamily individually to identify functionally relevant groups within each subfamily. We explored this possibility with the AhpC/Prx1 subfamily because it is arguably the best characterized of the Prx subfamilies and because subfamily members have distinctive characteristics that have been described in the literature. For instance, some subfamily members have been shown to be much more resistant to inactivation through hyperoxidation of C P than others. 57 Also, although Trx is the preferred reductant for many Prx proteins, some members of this subfamily are reduced by specialized reductants including AhpF and tryparedoxin. 2,58 Further subdivision of this subfamily was supported by the DASP profile scores, which were more significant when separate profiles were created for AhpC (0.33) and Prx1 (0.13) than when they were combined (0.06). Despite this, we were not able to distinguish the separate AhpC and Prx1 groups during GenBank searches with these profiles, as noted above.
Hierarchical clustering of the AhpC/Prx1 functionalsite signatures identified during the GenBank(nr) search suggested four major groups (Fig. 5) , which are, indeed, consistent with known biological function. The largest group, Group 1, contained 721 sequences, including human Prxs 1 through 4, and was composed of both eukaryotic and bacterial proteins. Of the species in Group 1, 52% were bacterial (Table III) . Characterized members of this subgroup are reduced by Trx or by organism-specific reductants like tryparedoxin 59 or the glutaredoxinlike Cp9 in Clostridium pasteurianum. 60 The GGLG motif or a variation of it is observed in 91% of the sequences in Group 1; leucine (52%), valine (8%), or isoleucine (31%) are all observed in the third position of this motif, indicating the importance of an aliphatic side chain at this position. The GGLG motif was originally noted as a feature of eukaryotic and potentially These sequences contain more than one Cys; however, the other Cys are not in a location shown to serve as a C R . Many of these proteins are expected to function as 1-Cys Prxs, but this cannot be proven without experimental verification. c Structural designations come from Hall et al. 2010. 14 d The C R for the AhpC/Prx1 subfamily is found near the C-terminus where it forms a disulfide bond across the B-interface with the C P on its partner subunit. Mycobacterium tuberculosis AhpC contains a third Cys that is present two residues after the canonical C R that may in some cases act as a replacement for the C R . 55 Although 6.7% of the AhpC/Prx1 proteins contain the C R XC motif, 2.2% contained only the second Cys, providing support for its ability to serve a functional role. e This category includes the 16% of Prx5 subfamily members that are fused to a Grx domain. f The C R in the Tpx subfamily is located immediately following the highly conserved Trp used as a key residue to create the functional site signatures-Cys92 in Fig. 3 (E). g The canonical AhpE from M. tuberculosis has no C R , but a majority of the subfamily members identified here have a putative C R five residues after the C P , similar to the BCP/PrxQ subfamily.
''sensitive'' Prxs that were more prone to C P overoxidation by peroxide than their more robust bacterial counterparts 57 ; later analysis pointed out that some pathogenic bacteria contain a Prx with a GGIG motif. 5 The GGLG motifs in Group 1 proteins may be associated with hypersensitivity toward overoxidation, but features at the C-terminal end are also important and this characteristic has been measured for only a few proteins within this subfamily. Group 2 contains 215 proteins from 176 species (Fig.  5) , including S. typhimurium and Amphibacillus xylanus AhpC. This group represents the canonical AhpC proteins and is predominantly bacterial (95%) with some archaeal representatives (Table III) . Because the AhpF coding sequence is typically found immediately downstream of the canonical ahpC gene, this genetic linkage was assessed to test whether the presence of a gene for this putative reductant is limited to and/or characteristic of the Group 2 proteins. PSI-BLAST was used with the default parameters and the full-length sequence of S. typhimurium AhpF to identify organisms that could express AhpF. Hits were considered significant if they had a p-value of 10 25 or more significant. Entrez gene (NCBI) was then used to identify the AhpC sequence genetically associated with each AhpF. All of the AhpC-like Figure 5 The AhpC/Prx1 subfamily can be subdivided into four distinct groups. The functional-site signatures obtained from the GenBank(nr) search for AhpC/Prx1 subfamily members were hierarchically clustered in Matlab. The dendrogram shown illustrates the resulting organization of functionalsite signatures and does not imply any evolutionary relationship. A cluster cutoff was identified (blue line in the dendrogram) and the subfamily was subdivided into four groups. Characteristics and structural representatives for each group are listed to the right.
proteins associated with an AhpF were found in Group 2, accounting for at least 30% of the organisms encoding a Group 2 AhpC.
Group 3 (74 sequences; 60 species; Table III) is exclusively bacterial and contains Prxs from Mycobacterium, Bordetella, and Streptomyces species. AhpC activity has also been linked, both genetically and functionally, to a downstream coding sequence for AhpD, 61,62 and all of the AhpC-like proteins associated with an AhpD (determined as described above for AhpF) are found in Group 3.
Group 4 (29 sequences; 22 species) is also exclusively bacterial and contains Prxs from the genera Flavobacteria and Chlamydia. There are currently no structural representatives for Group 4 (Fig. 5) ; therefore, these present a good potential target for exploring the structural and mechanistic diversity of this Prx subfamily.
Overall, the AhpC/Prx1 groups identified by hierarchical clustering of the GenBank-derived AhpC/Prx1 subfamily members appear to be associated with at least a few well-established functional differences.
DISCUSSION
This study is the first large-scale example of the application of a methodology to identify and characterize protein subfamilies by focusing on information at the protein active site. Because the sequence database was searched with profiles generated from structural information, we identify and classify over 3500 putative Prx sequences into one of six subfamilies with a high degree of specificity. The majority of proteins identified from GenBank(nr) were previously annotated either as a Prx or with a more general function (redoxin, peroxidase, etc.), and the current results suggest that more specific subfamily membership could be added to the annotation. All software is publicly accessible (http://dasp.deac. wfu.edu/); the user interface is amenable to use by those without a strong computational background, and detailed usage guidelines have been published. 35 The assignment of a significant number of members to each Prx subfamily allowed the calculation of residue conservation at each location within the functional site signature (Fig. 3 ) and the mapping of these residues to the structure of a representative subfamily member (Fig.  4) . This analysis provides significant new insights into potential roles for conserved residues, and an opportunity for designing hypothesis-driven experiments aimed at identifying mechanistic and specificity determinants for these proteins. The utility of these data is supported by recent analysis of Prx active sites with bound substrate or substrate analogs, which revealed that different Prx subfamilies exhibit two different conformations for the stringently conserved Arg. 11 In AhpC/Prx1, Prx6, and AhpE subfamily members, this Arg is oriented through a Arg-Glu-Arg hydrogen bonding network; all of these residues were identified by our analysis to be conserved in these three subfamilies [Arg119, Glu49, and Arg142 in S. typhimurium AhpC, Figs. 3(B) and 4(B) ]. When the second Arg is not present [i.e., in most BCP, Prx5, and Tpx subfamily members, Fig. 3(A,D,E) ], the conserved Arg adopts another conformation. Although the Arg is shifted by $1 Å , it is still apparently able to form hydrogen bonds to the peroxide oxygen proximal to the cysteine thiolate as well as the thiolate itself. 11 Arg128, Glu55, and Arg151 [numbering for T. cruzi tryparedoxin peroxidase, 1uul; Fig. 3(B) ] were also identified as contributing to the lowered pK a of the C P in a separate study using molecular dynamics (MD). 54 This MD study also identified a hydrogen-bonding network, which extends from the active site to the dimer-dimer (A-type) interface and includes residues (Phe43, Tyr44, and Phe50) identified as conserved in this article [ Fig. 3(B) ].
More detailed analysis of the AhpC/Prx1 subfamily has identified four groups based on clustering of the signatures in the profile (Fig. 5) , and these can be correlated with functional differences between the members of each subgroup. Analysis of Group 2 and Group 3 indicated that AhpF-and AhpD-associated Prxs were all located in Groups 2 and 3, respectively. Although it cannot replace experimental evidence, knowing the group for members of the AhpC/Prx1 subfamily can guide the selection of appropriate conditions (e.g., reductants) for initial biochemical analysis.
Babbitt and coworkers proposed that overannotation is a significant cause of misannotation. 30 Our data suggest that overannotation is more of a hazard using full sequence comparisons and that more detailed subfamily assignment can be accomplished by focusing on the specific features around the appropriate functional site(s). The correlation of the clustering of the Prx profiles ( Fig.  2) with subfamilies previously identified from sequence and structural analysis, the correct assignment of the Prx test proteins (Table II and Supporting Information Table  SII ) and the low number of sequences assigned by DASP to multiple subfamilies (Table I) argue that our method does, indeed, identify subfamily members specifically, provided the original profile and resulting PSSM is specific for that subfamily and includes a representative selection of proteins. The majority of proteins identified from GenBank(nr) were previously annotated either as a Prx or with a more general function (redoxin, peroxidase, etc.), and the current results suggest that more specific subfamily membership could be added to the annotation.
A p-value cutoff of 10 28 for DASP was used to identify Prx sequences presented in Supporting Information Table SV based on preliminary data looking at scores for structurally characterized Prxs (described in Supporting Information Results). We note that a cutoff of 10 210 would have resulted in no proteins being identified in more than one subfamily search; however, it would have also increased the number of test proteins not identified in any DASP subfamily search from 1 to 4 (false-negative rates of 1.7 and 6.9% for p-value cutoffs of 10 28 and 10
210
, respectively). The DASP cutoff value should be explored for other protein families and subfamilies to which this approach is applied.
Use of profiles and PSSMs for sequence searching is not new. Profiles have long been used for sequence and structure alignment and searching, 39,63,64 protein fold prediction, 65,66 membrane protein topology prediction, 67,68 fitness of folds for designed proteins, 69 and protein function prediction. 70-73 Indeed, our specific approach is based on the pioneering work on profiling by Gribskov and coworkers. 45, 74 PSSMs have been applied to full sequences, as in PSI-BLAST, and some have composed PSSMs that are protein family specific, such as PRIAM. 75 DASP differs because DASP focuses on short protein fragments, thus avoiding the need to align across complete sequences. This is more similar to other approaches that use profiles to identify conserved sequence motifs (PROSITE, 76 PRINTS, 77 and BLOCKS 78 ) or structural motifs (RIGOR 79 ). However, unlike PROSITE and RIGOR, DASP does not identify and create profiles for all conserved sequence motifs within a family, because this would include some motifs far from a given molecular functional site. DASP also does not focus on individual short structural motifs; instead, DASP identifies fragments that are proximal in structure to a specific molecular functional site and builds profiles based on all of those fragments that are longer than two residues. This is a unique focus, aimed not at global classification, but at identifying mechanistic and specificity determinants associated with a particular functional site. The results presented here comparing whole sequence (PSI-BLAST) and active-site motif (DASP) subfamily assignments indicate the advantages of the latter approach.
Although DASP subfamily searches are able to classify Prx proteins with greater specificity than PSI-BLAST, there are limitations to the method. Searching the sequence databases requires more than one or two representative structures, so that the profile (and the resulting PSSM) is not overly specific. In this contribution, this limitation was overcome for the AhpE and BCP/PrxQ subfamilies by creating engineered profiles (see Materials and Methods and Supporting Information Results), which add additional signatures to the profile based on a multiple sequence alignment. The current method also requires expert knowledge of the protein function to select multiple key residues that are critical for defining the appropriate protein function. In this work, we observed that when only the C P was used as a key residue, signatures were too small to be specific for each subfamily. In addition, the current method using the PSSM to search sequences weights all residues in the signature equally. The results presented here suggest that it might be beneficial to develop a more specific PSSM-based approach for sequence searching that would use differential weights among the signature residues based on expert knowledge. Finally, for this article, residue conservation, as determined from the entropy calculations, was defined simply as residue identity; it is possible that some of the key features within the Prx subfamily active sites are more dependent on conservation of characteristics (e.g., charge or hydrogen bonding features) rather than identity. This suggests that including biophysical characteristics, such as electrostatic contributions, to the PSSM scoring algorithm would provide greater information.
As an important output of this work, we have provided a carefully constructed and curated list of members of each Prx subfamily and current annotations (Supporting Information Table SV ). This information provides considerable clarity as to the identity and subfamily membership of putative Prxs in the GenBank database. We have developed a web-accessible database based on this information (http://www.csb.wfu.edu/prex/) that allows users to search the data found in Supporting Information Table SV . 80 We are also collaborating with the developers of the Structure-Function Linkage Database (http://sfld.rbvi.ucsf.edu 81 ) and plan to include the Prx family and the subfamily assignments identified here within that more comprehensive resource, which would also be made available to the larger community.
